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Flight initiation distances (FIDs) of animals approached by a potential predator provide information about the risk that indi-
viduals are willing to take given their state and the environment. Species differ in mean and variance in FID, suggesting that
species with a large variance in FID have individuals that take either small or great risks, whereas species with a small variance are
composed of individuals that are homogeneous in their risk-taking behavior. Here, we investigate the correlations between
interspecific variance in risk-taking behavior and habitat selection, breeding range and population size, dispersal, and life history.
Greater between individual variation in risk-taking behavior for a given average level of risk taking would imply that more
different habitats could be exploited, resulting in larger local and global population sizes and larger ranges. There should be
a link between dispersal distances and FID because individuals of risk-averse species should encounter greater difficulties of
finding suitable breeding habitats. High local and global population sizes should select for fast life histories with early age at first
reproduction, high annual fecundity, low juvenile survival, and fast rates of senescence in species with variable FIDs. Finally,
a greater diversity of habitat use should select for a longer reproductive season in species with more variable FIDs. Analyses of
FIDs for 133 species of birds revealed results largely consistent with these predictions. Because risk taking correlates with other
kinds of behavior that constitute a syndrome behavioral syndromes can play an important role in producing ecological syn-
dromes (i.e., correlations between ecological traits). Key words: between individual variation in behavior, flight initiation distance
(FID), population consequences of behavior, risk-taking behavior. [Behav Ecol]
INTRODUCTION
Behavioral syndromes are correlated categories of behavior.Such syndromes reflect the common observation that a
range of behavioral traits often co-occurs nonrandomly in
the same individuals (e.g., Dall et al. 2004; Sih, Bell, and
Johnson 2004; Sih, Bell, Johnson, and Ziemba 2004; Sih and
Bell 2008). Many kinds of behavior show covariation among
different contexts such as sexual and social behavior and an-
tipredator behavior (e.g., Sih, Bell, and Johnson 2004; Sih,
Bell, Johnson, and Ziemba 2004; Re´ale et al. 2007). Several
studies have shown that risk taking is a component of behav-
ioral syndromes by being correlated with exploration or ag-
gression (e.g., van Oers et al. 2004; Ward et al. 2004; Martı´ns
et al. 2007; Hollander et al. 2008; Garamszegi et al. 2009;
Wilson and Godin 2009). Therefore, risk-taking behavior is
linked to life history (Wolf et al. 2007).
Consistent differences in behavior of individuals and popula-
tions of animals are usually considered to reflect temperament
(which is often referred to as personality, but here, we retain this
term to describe the temporal consistency—repeatability—of
behavior). Temperaments are inherent characteristics of indi-
viduals (e.g., mediated by hormonal or neural activities) that de-
termine how individuals cope with different environmental
challenges by behavioral means (Wilson et al. 1994; Boissy
1995; Gosling and John 1999; Sih, Bell, Johnson, and Ziemba
2004; Re´ale et al. 2007). Temperaments are manifested in sev-
eral kinds of variable behavior, and they arrange individuals
along continuous axes such as bold–shy, aggressive–docile,
explorative–avoiding, extrovert–cautious, and similar kinds of
behavior depending on the context (Wilson et al. 1994; Boissy
1995; Gosling and John 1999; Sih, Bell, Johnson, and Ziemba
2004; Re´ale et al. 2007). Covariation among behavioral traits is
likely to reflect trade-offs in behavior with significant conse-
quences for individual fitness (Stamps 2007; Wolf et al.
2007). Recent models suggest that interindividual differences
in behavior can be maintained by differences in life history,
with some phenotypes benefiting under certain conditions,
whereas other individuals benefit under others (Stamps 2007;
Wolf et al. 2007). Therefore, no single specific (i.e., bold or
shy) phenotype is overall favored by selection because chang-
ing and unpredictable environmental conditions will favor dif-
ferent phenotypes. As a result, heterogeneous populations with
individuals of both bold and shy characteristics are maintained
allowing for coping with variable selective forces (Dingemanse
et al. 2007). Accordingly, the distribution of phenotypes within
a population or a species should reflect the degree to which
they experience such unpredictable conditions.
The ecological and evolutionary consequences of such be-
tween individual variation in behavior have only recently been
considered, and it thus remains unknown to which extent spe-
cies differ in the variance in risk-taking behavior, an important
component of behavioral syndromes. Furthermore, it remains
unclear whether species with a greater variance in behavior
have different life histories, and if such species differ in ecolog-
ical success in terms of range size and local and global popu-
lation size. Here, by assuming that greater between individual
variation in behavior will result in greater diversity of behavior
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among individuals (as reported by Bell 2005), we suggest that
such variance should be associated with the diversity of hab-
itats exploited by different individuals of a given species, pop-
ulation densities, and an entire suite of life-history traits.
Thus, individuals with bold phenotypes would be able to ex-
ploit open habitats with little or no shelter, individuals with
cautious phenotypes would do better in protected habitats
with more shelter, creating the possibility for disruptive selec-
tion and hence variation in behavior between individuals due
to adaptation to heterogeneous habitats. Because many spe-
cies differing in diversity of behavior coexist in various hab-
itats, we can exclude the possibility that diversity of habitats
generates variation in behavior among individuals rather than
the reverse. Such heterogeneous exploitation of habitats and
hence resources by different species should have consequen-
ces for local and global population size (local population size
being the population density in a specific local area, whereas
global population size is the entire size of the population across
the entire range) and hence for life histories including start of
reproduction, annual fecundity, rates of juvenile and adult
mortality, and rates of senescence. If we were able to pinpoint
such important behavioral traits that reflect interspecific varia-
tion in diversity of personalities as reflected by intraspecific
variance in behavior (e.g., Mettke-Hofmann et al. 2002, 2005;
Careau et al. 2009), this approach could help explore and
explain the ecological and evolutionary role of animal temper-
ament and behavioral syndromes.
Trade-offs between life-history traits are common (Stearns
1992; Roff 2002), with some individuals taking greater risks
to achieve future fitness returns than others (Roff 2002), re-
sulting in systematic differences in risk-taking behavior among
individuals (Clark 1994). Individuals with large residual repro-
ductive value should take smaller risks than individuals with
small residual reproductive value in order not to jeopardize
survival and future reproduction. Because such behavioral
differences among individuals are ubiquitous for any daily
decision, individuals should continuously differ in their risk-
taking behavior, and they should express such differences in
any context. Flight initiation distance (FID), the distance at
which individuals can be approached by a human prior to
flight, may constitute such a major component of ‘‘the ecol-
ogy of fear’’ (Blumstein 2006). Thus, an animal that starts
flying away when the human is far away (‘‘fearful’’) has a long
FID, whereas an animal that does not fly away until the human
is relatively close (‘‘nonfearful’’) has a short FID. FID consti-
tutes an important component of behavioral syndromes, as
studies have demonstrated links between risk-taking behavior,
FID, and sexual behavior (Miller et al. 2006; Møller et al.
2008). Møller et al. (2008) showed that bird species with long
FIDs for their body size experienced a reduced risk of pre-
dation by the sparrowhawk Accipiter nisus that was more than
an order of magnitude less than that of species with short
flight distances for their body size. Moreover, Garamszegi
et al. (2008, 2009) have shown that individual male collared
flycatchers Ficedula albicollis with long FIDs also have specific
behavior in terms of exploration, aggression, and courtship
display. Therefore, not only species-specific mean values of
FID may be subject to selection but also intraspecific variation
can be expected to respond to ecological factors, if it reflects
between individual variation in behavior due to true individ-
ual differences in temperament and not caused by variation in
behavior within individuals. Individuals have to optimize their
predator avoidance behavior in response to other demands
such as food requirements, sexual behavior, and reproduction
(e.g., Stephens and Krebs 1986; Giraldeau and Caraco 2000).
Thus, individuals are forced to continuously optimize forag-
ing and antipredator behavior, resulting in an intermediate
optimal flight behavior that maximizes fitness (Ydenberg and
Dill 1986; Cooper and Frederick 2007). Therefore, we should
expect interspecific differences in FID to be positively related
to overall survival prospects that integrate all causes of mor-
tality, including those related to biotic interactions such as
predators and parasites (Møller et al. 2008; Møller 2008a). If
FIDs can evolve in response to changes in risk of predation,
we should expect urban populations living in habitats with
fewer predators to be less weary of predators than nearby rural
populations and that such differences should increase with
time since urbanization, as documented recently (Møller
2008b, 2009). Finally, species characterized by long FIDs should
be particularly susceptible to increasing levels of human dis-
turbance and have decreasing population trends as recently
reported for European breeding birds (Møller 2008c).
Extensive studies of FID and hence risk-taking behavior have
almost exclusively relied on mean values (e.g., Ydenberg and
Dill 1986; Blumstein 2003, 2006; Blumstein et al. 2004;
Cooper 2005, 2008; Lo´pez et al. 2005; Stankowich and Coss
2006; Cooper and Frederick 2007; Møller 2008a, 2008b,
2008c; Møller et al. 2008), with little consideration of variance
in FID among individuals. The objectives of this study were to
explore the implications of variation in both mean and vari-
ance in FID by assuming that estimates of the within-species
variance reflect variance between and not within individuals.
Relying on an extensive data set of more than 4000 FIDs for
133 species, we related mean and variance in FID to 1) con-
sistency in behavior among individuals, 2) habitats, 3) range
size and population size, 4) dispersal, and 5) life history. More
specifically, we tested the following predictions concerning
variation in FID.
First, we estimated repeatability of FID for individuals on
multiple occasions for a species with small and a species with
large variance in FID. If individuals are consistent in their be-
havior, but species differ in variance in FID, we can conclude
that species with a greater variance consist of individuals that
differ more in FID than species with little variance in FID.
Second, species with more variable FIDs exploit a greater
number of habitats because individuals with short and long
FIDs can coexist in different habitats with different predation
risks. Therefore, a species exploiting a greater diversity of hab-
itats will have an overall larger population density compared
with a species only exploiting a single habitat. A greater diver-
sity of habitats exploited by a single species may ensure weaker
effects of density dependence on fecundity and survival com-
pared with the situation with a similar number of individuals
restricted to a single habitat.
Third, we related variation in FID to population and range
size. If species with larger between individual variation in FIDs
can exploit more habitats, such species should be able to main-
tain larger local and global population sizes and hence larger
population densities. If species with large populations are bet-
ter colonizers or even if they produce colonizing individuals at
the same rate as species with small total populations, species
with more variable FIDs should have larger breeding ranges
for their body size simply because their populations are larger.
Fourth, we related variation in FID to dispersal. Individuals
with long FIDs for their body size should experience greater
difficulty in finding suitable habitats for reproduction simply
because habitats that allow assessment of the risk of predation
at long distances aremore scarce than habitats that allow assess-
ment of risk at short distances, and this has consequences for
dispersal. In contrast, individuals belonging to species with
greater variance in FID should experience fewer difficulties
encountering suitable habitats because individuals of such
species can exploit a greater diversity of habitats, with shorter
dispersal distances as a consequence. Alternatively, if bold indi-
viduals were less able to cope with predators and thus avoided
areas with predators, such bold individuals with short FIDs
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should have longer dispersal distances than more cautious
individuals. We find this alternative unlikely given that species
with short FIDs run higher risks of being eaten by sparrow
hawks (Møller et al. 2008). If any of these causal mechanisms
apply, this should result in an interspecific positive correlation
between variance in FID and dispersal distance.
Finally, we related variation in FID to life history. Stamps
(2007) and Wolf et al. (2007) emphasized that variation in
behaviors can be maintained by differences in life history, with
some phenotypes benefiting under certain conditions,
whereas other individuals benefit under others. We extend
this argument by suggesting that similar mechanisms may
generate covariation between risk-taking behavior and life his-
tory among species. Variable FIDs are associated with greater
habitat heterogeneity, larger population sizes, and larger pop-
ulation densities, hence resulting in more intense intraspecific
competition. Therefore, more variable FIDs should be charac-
teristic of species with fast life histories with early age at first
reproduction, early seasonal start of reproduction, long breed-
ing seasons, many clutches, high annual fecundity, high juve-
nile mortality, and high rates of senescence.
We have tested these predictions in a phylogenetic compar-
ative context, which is inherently a correlative framework.
Therefore, we cannot infer causation from the relationships
described here, and thus, we present the empirical relationships
in the RESULTS followed by an assessment of the different pos-
sibilities of causation in the DISCUSSION. Moreover, note that
our analyses and interpretations rely on 2 important assump-
tions: 1) FID is a component of behavioral syndromes, as it cor-
relates with other behaviors such as exploration, aggression, and
courtship. This assumption ensures that the antipredator behav-
ior reflects a suite of behaviors and not just a single behavioral
trait (Garamszegi et al. 2008, 2009). In addition, 2) within-spe-
cies variance in FID occurs due to variation among individuals
being greater than within-individual variation. The latter as-
sumption is tested for 2 common passerine species in the Re-
sults of this paper.
MATERIALS AND METHODS
Flight initiation distance
The analyses reported here are based on extensive data on
FIDs collected by APM in France and Denmark during
February–September 2006–2008, using a modified technique
developed by Blumstein (2006). A full description of the
procedures and 3 different cross-validations of the data
are reported in Møller (2008a, 2008b, 2008c). In brief, when
an individual bird had been located with a pair of binocu-
lars, APM moved at a normal walking speed toward the
individual, while recording the number of steps (which ap-
proximately equals the number of meters; Møller et al.
2008). The distance at which the individual took flight was
recorded as the FID, whereas the starting distance was the
distance from where the observer started walking up to
the position of the bird. If the individual was positioned in
the vegetation, the height above ground was recorded to the
nearest meter.
A second data set of FID of individually identifiable barn
swallows Hirundo rustica and house sparrows Passer domesticus
was obtained by recording FID at least twice on 2 different
days during May–August 2007. While recording FIDs, APM
also recorded date and time of day, and the sex and the age
of the individual if external characteristics allowed sexing and
aging with binoculars. FID was estimated as the Euclidian
distance that equals the square root of the sum of the squared
horizontal distance and the squared height above ground
level (Blumstein 2006):
FID ¼ OððHorizontal distance21 Height2:
Previous studies have shown that starting distance is strongly
positively correlated with FID (e.g., Blumstein 2006), thereby
causing a problem of collinearity. We eliminated this problem
of collinearity by searching habitats for birds with a pair of
binoculars when choosing an individual for estimating FID,
only choosing individuals that were located a minimum of 30 m
from the observer. In this way, we assured that most individuals
were approached from a distance of at least 30 m, thereby
keeping starting distances constant across species. FID was
weakly negatively related to starting distance in a model that
included species, age, habitat, country, and body mass as factors
(partial F1,4188 = 37.97, P , 0.0001), explaining only 1% of the
variance. None of the results presented in this paper changed
statistically when including starting distance as an additional
variable, and we thus excluded this variable from all subsequent
analyses for simplicity.
Variation in FID among years was negligible accounting for
0.7% of the variance in a model that also included species, hab-
itat (urban or rural), and country as additional predictor
variables (partial effect of year: F2,3971 = 30.44, P , 0.001).
In contrast, species accounted for 57.5% of the variance (par-
tial effect of species: F132,3971 = 45.51, P, 0.001), justifying the
use of means and variances in FID for species as the measure
of behavior used in the analyses.
We estimated variation in FID as the standard deviation (SD),
and this SD was subsequently log10 transformed to obtain a
normal frequency distribution (see Statistical analyses below).
Sample sizes are reported in Supplementary Appendix 1.
Habitat
Wedeliberately used published information onbreeding habitats
to avoid problems of unintentional bias in habitat classification
due toprior knowledgeabout FID.Breedinghabitat was recorded
onanordinal scale fromopen grassland (a score of 0), over shrub
and bushes (a score of 1), to trees and forest (a score of 2), using
Cramp and Perrins (1977–1994) as a source.
Following the approach of Belliure et al. (2000), we counted
the number of different breeding habitats listed in the habitat
sections of Cramp and Perrins (1977–1994) for all species.
Because these habitat categories were made blindly with
respect to the predictions being tested here, these habitat
descriptions cannot have caused bias in the analyses. Several
studies, including Belliure et al. (2000), have shown that this
estimate of habitat specialization provides biologically mean-
ingful information. We note that this measure of habitat gen-
eralism differs from that developed by Julliard et al. (2006)
that is based on homogeneity in breeding population density
among habitat categories. This difference also implies that
greater variation in FID is not simply a consequence of greater
variation in population density among habitats but rather
a consequence of more different kinds of habitats being ex-
ploited independent of density.
Breeding range size
Weestimated breeding distributions of the species in theWestern
Palearctic from the electronic version of Cramp and Perrins
(1977–1994) by importing these maps into Adobe Photoshop,
separating summer, resident, and winter distributions. Next, we
imported files containing single distribution patches into the
program Image from NIH and estimated the number of pixels
occupied by summer and resident distributions reflecting breed-
ing ranges. Finally, we converted the number of pixels to square
kilometers by estimating the area of 5 islands and peninsulas of
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known size: British Isles, Iceland, Svalbard, Novaya Zemlya, and
the Iberian peninsula, using the same map as a reference.
Population size
Population sizes were obtained from estimated reported by
Burfield and van Bommel (2004), who reported the total
number of breeding pairs in the Western Palearctic west of
the Ural Mountains, obtained in a consistent way from na-
tional bird census programs in all countries. We used the
mean of the reported minimum and maximum estimates.
Natal dispersal distance
We used geometric mean natal dispersal distance as reported
by Paradis et al. (1998) based on the distance between the site
of hatching and the site of first breeding according to exten-
sive bird banding records from the United Kingdom. A num-
ber of previous analyses have revealed that this measure of
natal dispersal distance is significantly correlated with ecolog-
ical variables (Paradis et al. 1998; Belliure et al. 2000). Natal
dispersal distance accounts for most of lifetime dispersal dis-
tance, with breeding dispersal distance between subsequent
breeding sites only accounting for a small amount of this
variation (Belliure et al. 2000).
Life history
Age at first reproduction
Weextracted information onminimumage at first reproduction
(in months) from Cramp and Perrins (1977–1994), and if in-
formation was missing, we used data from Glutz von Blotzheim
and Bauer (1985–1997).
Annual fecundity
We recorded clutch size and maximum number of clutches per
year, allowing us to estimate annual fecundity (clutch size multi-
plied by maximum number of clutches per year) from Cramp
and Perrins (1977–1994). If multiple estimates were provided,
we extracted the information from the United Kingdom because
those estimates were generally based on the largest sample sizes.
Juvenile survival rate
Juvenile survival rate is hardly ever estimated reliably from
capture–mark–recapture analyses of individuals, with the total
number of estimates for the species considered here being less
than 5. Therefore, we followed Pike et al. (2008) to indirectly
estimate juvenile survival rate, by assuming that populations
were stable, annual fecundity represented the number of juve-
niles present at the start of the breeding season, and surviving
juveniles equaled the number of adults that had died according
to adult survival rate. In this way, we could estimate the pro-
portion of offspring maximally produced required to replace
the number of dead adults, according to adult survival rate as
described in the next paragraph.
Adult survival rate
Adult survival rate was recorded from Cramp and Perrins
(1977–1994). If more than a single estimate was reported in
that source, we used that with the largest sample size. A num-
ber of different methods for estimation of adult survival rate
were used ranging from return rates of color-banded birds to
capture–mark–recapture analyses. Martin et al. (1995) have
shown that biases from such methodological heterogeneity
are relatively small in comparative analyses.
Senescence
We estimated rate of senescence based on longevity records of
ringed birds adjusted for adult survival rate, sampling effort,
and body mass because this estimate provides an unbiased es-
timate of actuarial senescence (Møller 2006), as reported by
Ricklefs (1998). Møller (2006) provides detailed information
and cross-validation based on the senescence parameter x and
residual longevity as defined above, showing that r2 = 0.91. We
extracted information on maximum longevity of European
species from EURING. Longevity records only provide reliable
information on maximum lifespan if records are adjusted for
sampling effort. Among the 120 species of common birds in
Europe for which longevity records were available for the
present study, the total number of recoveries and recaptures
of banded birds across Europe ranged from 110 to 187 764,
with a total of 1 953 714 records (www.euring.
org). Therefore, we used the total number of recoveries re-
ported as a measure of variation in sampling effort. A large
value for the senescence parameter implies that individuals
are relatively older than predicted for their adult survival rate,
sampling effort, and body mass and hence have senesced
slowly, whereas a small value implies a high rate of senescence.
Duration of the breeding season
Cramp and Perrins (1977–1994) provide schematic presenta-
tions of the annual cycle for all species in the Western Pale-
arctic, giving priority to information from the United
Kingdom. We used these illustrations to estimate the duration
of the breeding season in units of 10 days. We excluded units
when breeding had been recorded but only rarely.
Body mass
We included body mass as a control variable in the analyses be-
cause body mass has previously been shown to correlate with
FID (e.g., Blumstein 2006, 2010; Møller 2008a, 2008b, 2008c).
Body mass was recorded as the mean mass of males and females
from the breeding season, as reported by Cramp and Perrins
(1977–1994). If more than one estimate was reported by that
source, we used that with the largest sample size.
The entire data set is reported in Supplementary Appendix 1.
Statistical analyses
Mean FID, number of breeding habitats, breeding range size,
breeding population size, natal dispersal distance, age at first
reproduction, annual fecundity, longevity, and body mass
were log10 transformed, while juvenile and adult survival rate
were square root arcsine transformed to achieve normal
distributions.
We calculated repeatability from one-way analyses of vari-
ance with species as a factor (Becker 1984). Thus, repeatabil-
ity of mean FID was a measure of consistency in FID among
individuals of the same species, whereas repeatability of vari-
ance in FID was consistency between estimates of variance
from Denmark and France for the same species.
Comparative analyses (and also analyses of noncompara-
tive data) can be strongly affected by sampling effort, and
Garamszegi and Møller (2010) showed recently that the effect
of sample size in comparative analyses was as great as the effect
of similarity due to common phylogenetic descent. Exclusion
of species with small sample sizes will result in exclusion of rare
species, when inclusion of such species may increase the scope
of generalization beyond common, abundant species. Hence, it
is important to address problems of heterogeneity in sampling
effort. In the present study, sampling effort varied among spe-
cies (mean [standard error, SE] = 31 observations [4], median
14, range 2–349, N = 133 species), with no effect of sampling
effort on mean FID estimates (F1,131 = 0.63, r
2 = 0.00, P = 0.43).
Hence, such heterogeneity in sampling effort cannot be ad-
dressed by including sample size as an additional predictor
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variable but requires that each observation contributes to test
statistics relative to its importance through weighting proce-
dures. Most statistical approaches assume that all data points
provide equally precise information about the deterministic
part of total process variation, that is, the SD of the error term
is constant over all values of the predictor variables (Sokal and
Rohlf 1995). We weighted each observation by sample size in
order to use all data in an unbiased fashion, thereby giving
each datum a weight that reflects its degree of precision due
to sampling effort (Draper and Smith 1981; Neter et al. 1996).
Weighted analyses can be based on actual sample sizes or a trans-
formation of sample sizes (Garamszegi and Møller 2010). We
used log10-transformed sample size in order not to put too
much weight on species with small sample sizes or on a few
species with large sample sizes (Garamszegi and Møller 2010).
We found that mean and variance in FID were strongly pos-
itively correlated (Figure 1), which is an expected statistical
phenomenon (see Sokal and Rohlf 1995). The high degree of
collinearity prevented us from simultaneous inclusion of both
variables as predictors in the statistical analyses. Therefore, we
estimated residual variance in FID by subtracting the expected
SD in FID as estimated in a phylogenetic model from the
observed log10-transformed SD in FID (see RESULTS). Be-
cause log10-transformed mean FID and residual variance in
FID were not correlated, we could include both as predictors
in the same model. In the comparative analyses, we used log10-
transformed mean FID, residual variance in FID, and log10-
transformed body mass as predictors. In some analyses, we
included additional predictor variables as described above
because previous studies have shown that the response vari-
able is correlated with these other variables. For example,
longevity as a measure of senescence is strongly positively cor-
related with adult survival rate and sampling effort, which
were therefore included as a predictor variables. Means and
SDs were positively correlated, although phylogenetic gener-
alized least squares (PGLSs) are robust to problems of collin-
earity (Freckleton 2011). We deliberately analyzed means and
SDs rather than a composite such as the coefficient of varia-
tion (CV) for 2 reasons. 1) The use of CV would present us
from knowing whether it was a change in the mean or the
variance (or both) that caused a change in CV. 2) Means and
variances are important because they relate directly to linear
(or directional) selection and in quadratic (stabilizing or dis-
ruptive) selection (Bell 1997).
The statistical models presented in the RESULTS deal with
sampling errors in response variables but not in predictors.
Therefore, we carried out alternative analyses that addressed
sampling errors in predictors. These are reported in Supple-
mentary Appendix 3.
Analyses of comparative data based on single species may
provide misleading conclusions if sister taxa are phenotypically
more similar than randomly chosen species. Therefore, we ap-
plied the general method of comparative analysis for continu-
ous variables based on GLS models (Pagel 1997, 1999). First,
we investigated the role of phylogenetic inertia by estimating
the phylogenetic scaling parameter lambda (k) that varies
between 0 (phylogenetic independence) and 1 (species’ traits
covary in direct proportion to their shared evolutionary his-
tory) (Freckleton et al. 2002). We permitted k to take its max-
imum likelihood (ML) value and tested whether there was any
evidence for k . 0, which indicates that trait variation is
dependent of phylogeny.
We used log10-transformed sample size as statistical weights
that allowed focusing on differences among observations with
small sample sizes (Garamszegi and Møller 2010). In order to
weight regressions by sample size in the phylogenetic analyses,
we combined variance factors due to phylogenetic and weight
effects as error terms in a GLS framework. We calculated the
ML of different combinations of the phylogeny and weight
matrices and determined the slope of the effect in focus at
the combination that resulted in the highest ML. In particular,
we combined variance factors due to phylogenetic and weight
effects as error terms in a form of following the Q = V 1 cW
equation (Martins and Hansen 1997), where V is the phylogeny
matrix,W is the diagonal matrix of 1/weights, and c is constant
and searched the c values that resulted in the ML (see more
details in Garamszegi and Møller 2007).
We fitted the weighted phylogenetic models in the R statis-
tical computing environment, with additional unpublished
functions by available in the package caiv for the PGLS proce-
dure developed for multivariate models. We present results
based on themost appropriate phylogenetic and weight adjust-
ments. For illustrative purposes, figures show the untrans-
formed species-specific values.
The comparative analyses relied on a composite phylogeny
created by using information in Hackett et al. (2008) and
Sibley and Ahlquist (1990), supplemented with Jønsson and
Fjeldsa˚ (2006) to resolve relationships between some species.
The phylogeny is shown in Supplementary Appendix 2.
RESULTS
Variation in flight distance within and among species
Mean FID ranged from 3.83 m (house sparrow) to 79.63 m
(raven Corvus corax), mean (SE) = 17.62 m (1.36), median =
10.68 m, N = 133 species. Variance in FID ranged from 0.1 m2
(common crossbill Loxia curvirostra) to 2545.2 m2 (gray heron
Ardea cinerea), mean (SE) = 113.7 m2 (26.29), median = 18.0,
N = 133 species.
Individual barn swallows were significantly repeatable in
FID among recordings (F63,99 = 13.12, r
2 = 0.89, P , 0.0001,
R [SE] = 0.83 [0.05]), while their variance in FID was 18.66
m2. FID had a similar repeatability for individual house spar-
rows breeding in the same farms as the barn swallows (F17,26 =
10.10, r2 = 0.87, P , 0.0001, R [SE] = 0.79 [0.12]), although
their variance in FID was only 4.67 m2.
FID was highly repeatable within species (F154,4045 = 42.68,
r2 = 0.62, P , 0.0001, R = 0.60, SE = 0.04). The log10-
transformed SD in FID was repeatable between samples
of 37 species from Denmark and France (F36,37 = 5.50,
r2 = 0.84, P , 0.0001, R = 0.69, SE = 0.12). Variance in FID
was significantly positively related to mean FID in a phyloge-
netic model that also included statistical weights (Figure 1;
Figure 1
Variance in flight distance in relation to mean flight distance in 133
different species of birds. The line is the linear regression line.
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k = 0.977, F1,131 = 180.38, r
2 = 0.58, P , 0.0001, slope [SE] =
0.982 [0.073]). The residual variances were not significantly
related to mean FIDs (k = 0.977, F1,131 = 0.098, r
2 , 0.01, P =
0.75, slope [SE] = 20.025 [0.080]). These residual variance
estimates are termed variance in FID in the following analyses.
We estimated the repeatability of FID for species with rela-
tively short and relatively long FIDs for their body mass to test
if species with long FIDs also had more variable FIDs. Species
with relative short FIDs (with negative residual mean FIDs from
a regression of log10-transformed mean distance on log10-
transformed body mass) were less consistent in their flight
behavior as revealed by 44% of the variance among individu-
als being explained by species and the remaining 66% being
explained by intraspecific variation (Table 1). In contrast, spe-
cies with relatively long FIDs were more consistent in their
FID as revealed by 66% of the variance among individuals
being explained by species and the remaining 44% being
explained by intraspecific variation (Table 1). Therefore,
within-species repeatability was smaller for species with rela-
tively short compared with species with relatively long FIDs
(Table 1). This result implies that species with relatively long
FIDs had more consistent escape behavior.
Flight distance and habitats
Mean or variance in FID was not significantly related to open-
ness of habitats (Table 2). In contrast, the number of breeding
habitats was significantly greater in species with more variable
FIDs (Figure 2A; Table 2).
Flight distance, range size, and population size
Species with short mean FIDs had larger breeding ranges for
their body size (Table 3). In contrast, variance in FID was
significantly positively related to range size (Table 3).
The size of breeding populations in the Western Palearctic
was larger in species with short mean FIDs and large variances
in FID (Figure 2B; Table 3). Similar relationships applied to
population density for variance, but not for mean FID, as
shown by a model that included range size in the Western
Palearctic as an additional predictor variable (Table 3).
Flight distance and dispersal
Bird species with long mean FIDs but not with large variances
in FID had long geometric mean natal dispersal distances (Fig-
ure 2C; Table 4).
Flight distance and life history
Species with short mean FIDs started to reproduce at a young
age compared with species with long distances (Table 5). In-
dependently, species with large variances in FID started to
reproduce when young (Table 5).
Annual fecundity was independently related to mean and
variance in FID (Table 5). Species of birds with short mean
FIDs had large annual fecundities compared with species with
long FIDs (Table 5). Furthermore, species with large variances
in FID had high annual fecundity (Figure 2D; Table 5).
Relative longevity adjusted for adult survival rate and sam-
pling effort, which is an inverse estimate of senescence was re-
duced in species with large variances in FID, implying that such
species senesced fast (Table 5).
Juvenile survival was not significantly related to mean or var-
iance in FID (Table 5). In contrast, adult survival rate was
significantly positively related to mean FID (Table 5).
The breeding season lasted longer in species with large var-
iance in FID (Figure 2E; Table 5).
Finally, we made alternative models for the relationship be-
tween mean and SD in FID and the different response varia-
bles, weighting the analyses by log10-transformed sample size.
These results, that were qualitatively similar as the results
presented above, are shown in Supplementary Appendix 3
Table S1 for mean FID and Supplementary Appendix 3 Table
S2 for SD in FID.
DISCUSSION
There are both within and between individual variation in
flight distances, and in 2 well-studied species with information
on individual identity variation between individuals was greater
than variation within individuals, while the same conclusion
held for the collared flycatcher (Garamszegi LZ, unpublished
results). Based on this information, we inferred that most of
the variation in behavior can be attributed to variation among
individuals, thus our underlying assumption has a biological
basis. In our analyses of variation in FID among individuals,
we found little evidence of habituation as evidenced by the
Table 1
Repeatability (R) of FID for species with relatively short and
relatively long FIDs
Short FIDs Long FIDs
F 31.63 32.80
df 65, 2590 67, 1193
r2 0.44 0.64
P ,0.0001 ,0.0001
Number of observations 2656 1260
Number of species 66 67
R (SE) 0.43 (0.06) 0.63 (0.06)
The 2 categories of species had negative and positive residuals from
a regression of log10-transformed FID on log10-transformed body
mass. df, degrees of freedom.
Table 2
Habitat and number of breeding habitats in relation to mean and variance in FID (FID) and body mass, as revealed by phylogenetic analyses that
also considered statistical weights
Variable t(mean FID) Slope (SE) t(variance FID) Slope (SE) t(body mass) Slope (SE)
Habitat
k = 0.944 21.141 20.312 (0.273) 21.446 20.267 (0.185) 20.883 20.182 (0.206)
Number of habitats
k = 0.000 0.268 0.029 (0.109) 2.137* 0.200 (0.093) 20.728 20.045 (0.061)
The models had the following statistics: habitat, F = 1.895, P = 0.134, number of parameters = 4, number of data points = 133, maximized
likelihood = 2140.88, adjusted R2 = 0.02; number of habitats, F = 1.538, P = 0.211, number of parameters = 4, number of data points = 90,
maximized likelihood = 20.397, adjusted R2 = 0.018.
*P , 0.05.
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high degree of repeatability. Different species demonstrated
consistent differences in variability in FID, and such variation
was greater in species with relatively short FIDs for their body
size. Interspecific variation in mean and/or variance in FID
were related to diversity of breeding habitats, range size, pop-
ulation size, dispersal, and life history, consistent with expect-
ations derived from theory of temperament in animals. These
results provide an overview of the many different ecological
and evolutionary implications of consistent individual differen-
ces in behavior, suggesting that intraspecific between individ-
ual variation in antipredator behavior may have played an
important evolutionary role. Moreover, our findings show that
patterns of intraspecific variation in behavior are shaped by
ecological factors, suggesting that these are not just random
variation around an optimal mean. We briefly discuss these
results and their implications.
Means and variances often show positive correlations, but
this is not a necessary mathematical property because they
can still vary independently. Here, we have shown a strong pos-
itive association between means and variances in FID among
species, as expected. However, there was still 42% of the vari-
ation in variances left unexplained by mean values. Phenotypic
variance may increase or decrease as a consequence of disrup-
tive or stabilizing selection, independent of selection on the
mean (Bell 1998). Alternatively, populations of individuals
may be composed of individuals with highly consistent behav-
ior, but different classes of behavior may cause heterogeneity
in behavior within populations. This could act through
Figure 2
(A) Number of breeding habi-
tats, (B) breeding population
size in the Western Palearctic,
(C) geometric mean natal dis-
persal distance, (D) annual fe-
cundity, and (E) duration of
the breeding season (days) in
relation to variance in FID in
different species of birds. Re-
sidual SD in FID was adjusted
for mean FID and body mass.
Table 3
Breeding range size, population size in the Western Palearctic, and population density in relation to mean and variance in FID (FID) and body
mass in phylogenetic analyses that used statistical weights
Variable t(mean FID) Slope (SE) t(variance FID) Slope (SE) t(body mass) Slope (SE)
Range size
k = 0.755 22.003* 20.169 (0.084) 2.254* 0.169 (0.075) 1.797 0.076 (0.042)
Population size
k = 0.837 21.999* 20.574 (0.287) 4.565*** 1.085 (0.238) 21.051 20.190 (0.181)
Population density
k = 0.907 20.850 20.222 (0.262) 3.873*** 0.816 (0.211) 21.789 20.311 (0.174)
The analysis of population density included breeding range size in the Western Palearctic as an additional predictor variable. The models had the
following statistics: range size, F = 4.289, P = 0.006, number of parameters = 4, number of data points = 133, maximized likelihood = 19.137,
adjusted R2 = 0.070; population size, F = 10.833, P , 0.001, number of parameters = 4, number of data points = 133, maximized likelihood =
2139.62, adjusted R2 = 0.183; population density, F = 17.546, P , 0.001, number of parameters = 5, number of data points = 133, maximized
likelihood = 2124.69, adjusted R2 = 0.334.
*P , 0.05, ***P , 0.001.
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frequency-dependent (Wilson et al. 1994; Dall et al. 2004) or
state-dependent selection (Dall et al. 2004). At the population
level, variances may change as a consequence of selective ad-
vantages experienced by individuals with different tempera-
ment as reflected by their personalities (i.e., temporal
consistencies of the same behaviors). Such selective advantages
of personalities have been shown in several studies of animals
(e.g., Re´ale et al. 2007; Smith and Blumstein 2008). Thus, we
assumed for the present study that means and variances in
antipredator behavior (i.e., FID) provided different kinds of
information and that the variance in behavior reflected the
between individual variation in different species.
Temperament describes consistent individual differences
that arrange behavior along general axes of behavior such
as bold–shy, aggressive–docile, explorative–avoiding, and ex-
trovert–cautious (Wilson et al. 1994; Boissy 1995; Gosling
and John 1999; Sih, Bell, Johnson, and Ziemba 2004; Re´ale
et al. 2007). Individuals often show a high degree of consis-
tency in their behavior across temporal and contextual situa-
tions that 1) cause the same behavior to be displayed in
a repeatable way (leading to personality) and 2) drive corre-
lations between different behavioral traits (leading to behav-
ioral syndromes) (e.g., Gosling 2001; Sih, Bell, and Johnson
2004; Re´ale et al. 2007). However, an alternative possibility is
that species invading novel habitats may modulate their be-
havior according to the costs and benefits of behavior in a par-
ticular habitat (Sol et al. 2011) and the diversity of personality
types (Fogarty et al. 2011). The present comparative study of
variation in antipredator behavior among individuals assumed
that a greater diversity of behavior in a given species would
reflect more differences in temperament than in a species
with little or no variation. Here, we have shown that FID in
fact is much more variable in species with relatively short
mean flight distances for their body size, contrary to the null
expectation of greater variance in species with greater mean
FIDs (due to the general positive association between mean
and variance (e.g., Sokal and Rohlf 1995)). We consider these
observations to be consistent with our assumption that hetero-
geneity in behavior reflects a greater diversity of behavior
among individuals. Obviously, the present comparative study
does not allow inferences about causation. Although theoret-
ical models suggest that consistent behaviors can be main-
tained due to trade-offs between life-history traits (Stamps
2007; Wolf et al. 2007), causation can also be argued to go
in the opposite direction. For example, individuals with differ-
ent temperament may thrive under different ecological condi-
tions, and disruptive selection may favor local adaptation to
such a diversity of habitats or ecological conditions. We might
even entertain the possibility that there are no clear direction of
causation, simply because individuals are continuously optimiz-
ing risk-taking behavior given local environmental conditions.
However, well-designed experiments may allow analysis of the
direction of causation.
Population density of prey can be reduced by predator con-
sumption or by nonlethal effects like antipredator behavior
that reduce or limit resource availability (Abrams 1984), and
Table 4
Geometric mean natal dispersal distance in relation to mean and variance in FID (FID) and body mass in phylogenetic analyses that used
statistical weights
Variable t(mean FID) Slope (SE) t(variance FID) Slope (SE) t(body mass) Slope (SE)
k = 0.643 3.272** 0.808 (0.247) 21.544 20.318 (0.206) 20.562 20.102 (0.181)
The models had the following statistics: F = 6.524, P , 0.001, number of parameters = 4, number of data points = 59, maximized likelihood =
234.097, adjusted R2 = 0.222.
**P , 0.01.
Table 5
Life-history traits in relation to mean and variance in FID (FID) and body mass in phylogenetic analyses that used statistical weights
Variable t(mean FID) Slope (SE) t(variance FID) Slope (SE) t(body mass) Slope (SE)
Age at first reproduction
k = 1.000 1.998* 0.073 (0.036) 23.373*** 20.089 (0.027) 4.394*** 0.125 (0.028)
Annual fecundity
k = 0.974 23.092** 20.209 (0.067) 3.180** 0.160 (0.050) 22.713** 20.135 (0.050)
Senescence
k = 0.861 21.255 20.064 (0.051) 23.530*** 20.148 (0.042) 6.736*** 0.255 (0.037)
Juvenile survival rate
k = 0.956 1.831 0.060 (0.033) 21.458 20.038 (0.026) 21.059 20.024 (0.023)
Adult survival rate
k = 0.724 2.113* 0.118 (0.056) 20.331 20.017 (0.052) 4.624*** 0.127 (0.027)
Duration of breeding season
k = 0.940 21.664 20.106 (0.063) 3.583*** 0.173 (0.048) 1.258 0.058 (0.046)
The analysis of senescence included adult survival rate and number of recoveries as additional predictor variables. The models had the following
statistics: age at first reproduction, F = 16.134, P , 0.001, number of parameters = 4, number of data points = 132, maximized likelihood = 128.77,
adjusted R2 = 0.257; annual fecundity, F = 13.849, P , 0.001, number of parameters = 4, number of data points = 133, maximized likelihood =
51.855, adjusted R2 = 0.226; senescence, F = 20.857, P , 0.001, number of parameters = 6, number of data points = 91, maximized likelihood =
80.661, adjusted R2 = 0.525; juvenile survival rate, F = 2.376, P = 0.074, number of parameters = 4, number of data points = 99, maximized
likelihood = 128.569, adjusted R2 = 0.040; adult survival rate, F = 34.172, P , 0.001, number of parameters = 4, number of data points = 99,
maximized likelihood = 73.500, adjusted R2 = 0.504; duration of breeding season, F = 6.402, P, 0.001, number of parameters = 4, number of data
points = 132, maximized likelihood = 59.730, adjusted R2 = 0.110.
*P , 0.05, **P , 0.01, ***P , 0.001.
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such nonlethal effects are commonplace (Lima and Dill 1990).
The dynamics of populations and communities can be affected
by predation risk either through morphological or behavioral
compensation by prey (Lima 1998; Agrawal 2001). Here, we
have shown that antipredator behavior as estimated by the
mean and the variance in risk-taking behavior is related to
multiple phenotypic traits of prey reflecting habitat use, range
and population size, dispersal, and life history. Individual differ-
ences in residual reproductive value (Roff 2002) should result
in systematic differences in risk-taking behavior among individ-
uals (Clark 1994) because individuals with a high probability of
future success should be more risk averse than individuals with
low probability of future success. Moreover, individuals may
flexibly adjust their willingness to take risks according to the
reproductive value experienced in a given year (Wolf et al.
2007), which may also increase variation in behavior among
individuals. Individual differences in behavior are not re-
stricted to predation and antipredator behavior, suggesting that
the existence of temperaments cannot be considered a nonle-
thal effect of predation. Rather we suggest that causality goes in
the opposite direction because individuals with specific inter-
individual behavior, determining antipredator behavior, expe-
rience specific nonlethal effects of predation.
FIDs varied significantly with habitat exploitation among
species of birds. Species with a greater variance in FID, but
not with longer mean FID, exploited a greater diversity of hab-
itats. We suggest that individuals with different temperament
thrive in different habitats and that species with a greater
diversity of antipredator behavior exploit more different hab-
itats by successfully coping with different unpredictable envi-
ronmental conditions. Evidence from the collared flycatcher
supports that microhabitat choice of males during sexual
advertisement is closely associated with risk taking (assessed
as FID) and exploration, as mediated by intrinsic individual
characteristics, that is, temperament (Garamszegi et al. 2008).
If more habitats can be successfully exploited by species of
birds with a greater diversity of FIDs, this should have conse-
quences for local population density and global population
sizes across the entire range and ultimately for total breeding
range. Indeed, species with short mean FIDs and large variance
in FID had larger populations in the Western Palearctic, even
after adjusting for differences in body size. Local and global
population densities are generally positively correlated (review
in Brown 1995; Brown and Lomolino 1998). We noted a sim-
ilar relationship because population density, estimated as pop-
ulation size after adjusting for breeding range size in the
Western Palearctic, and variances in FID. Total breeding range
size was larger in species with short mean FIDs, but it was also
larger in species with larger variance in FID. Greater local
population density should translate into more intense intra-
specific competition, larger rates of dispersal and hence larger
total breeding range sizes (Clobert et al. 2001). Geometric
mean natal dispersal distance was longer in species with long
mean FIDs, although there was no significant relationship
with variance in FID. These observations are consistent with
the a priori prediction that individuals belonging to species
with greater FID should have longer dispersal distances.
Life history is at the core of the evolution and the mainte-
nance of consistent behaviors in animals. The fact, that all indi-
viduals face trade-offs between different life-history traits
(Stearns 1992; Roff 2002) and that these trade-offs may differ
as a consequence of differences in state or condition (Roff
2002), implies that all individuals are forced to make optimal
decisions in all contexts of life be they foraging, mating, or
reproduction. Hence, trade-offs, between survival and repro-
duction (Wolf et al. 2007) or between survival and growth
(Stamps 2007), have as a consequence that some individuals
consistently behave in a bold and explorative way, whereas
others are shy and show avoidance behavior. Alternatively, ex-
plorers may gain assets such as food or knowledge that may
have consequences for antipredator behavior and aggression,
creating a positive correlation between explorative behavior,
boldness, and aggression (McElreath et al. 2007). Here, we
provide the first extensive analyses of a measure of between
individual variation in antipredator behavior and life history.
We found evidence for opposite relationships between means
and variances in FID, respectively, and age at first reproduction
and annual fecundity, after adjusting for the effects of body
size. Because predation can impact on all aspects of life history
(Stearns 1992; Roff 2002), individuals should be sensitive to
predation risk depending on their residual reproductive value.
Risk-averse species with long mean FIDs started to reproduce at
old age, had low annual fecundity, and high adult survival rate,
after adjusting for the effects of body size. Species with more
variable antipredator behavior started to reproduce at an ear-
lier age, had longer breeding seasons, higher annual fecundity,
and they senesced faster, after adjusting for the effects of body
size. These findings are consistent with our prediction that
variation in antipredator behavior among individuals reflects
a diversity of temperaments with differences in life history. In
particular, such diversity in life histories is expected from differ-
ences in trade-offs experienced by individuals that vary consis-
tently in their risk-taking behavior.
Some of the detected relationships for different ecological and
life history predictors may share common mechanisms. For ex-
ample, adaptation to different habitats by individuals with differ-
ent temperament may mediate dispersal, the number of habitats
exploited and population size. Moreover, fast reproductive strat-
egies of species with larger variation in behavior among individ-
uals characterized an entire suite of life-history traits (age at first
reproduction, annual fecundity, survival). Hence, just as behav-
ioral syndromes may reflect a ‘‘package’’ of different behaviors
that are correlated with each other, as mediated by individual
temperament, we suggest that we may similarly define ecological
syndromes based on the correlation between ecological factors
and common underlying mechanisms. Accordingly, a dispersal–
migration syndrome would include habitat use, dispersal, migra-
tion, and range size, in which the correlation between these traits
is governed by a singlemechanism such as the ability of species to
adapt to different habitats. Similarly, we define a life-history syn-
drome (that includes age at first reproduction, fecundity, and
survival and that is shaped by fast/slow reproductive strategies)
and a mating system syndrome (that includes mating system and
sexual display and that is mediated by the intensity of sexual se-
lection). If we accept the existence of these ecological syn-
dromes, our results should be taken as evidence for
behavioral syndromes having consequences for ecological syn-
dromes. Note that others suggested these relationships to exist
between behavior, life history, and energy metabolism (Stamps
2007; Biro and Stamps 2008; Careau et al. 2009).
In conclusion, both means and variances in antipredator be-
havior may provide insights into the impact of predation on the
evolution of animal temperaments and the many consequences
of such between individual variation in FID on habitat selection,
range size, population size, dispersal, and life history. The ap-
proach that we have adopted here suggests that the consequen-
ces of consistent behaviors may be many and diverse and that
a better understanding of the consequences of animal behavior
can be gained by not only considering the average behavior of
individuals in a population but simultaneously by considering
variation in behavior among individuals.
SUPPLEMENTARY MATERIAL
Supplementary material can be found at http://www.beheco.
oxfordjournals.org/.
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